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ABSTRACT
We present a 45 ks Chandra observation of the quasar ULAS J1342+0928 at z = 7.54. We detect 14.0+4.8−3.7 counts from
the quasar in the observed-frame energy range 0.5–7.0 keV (6σ detection), representing the most distant non-transient
astronomical source identified in X-rays to date. The present data are sufficient only to infer rough constraints on
the spectral parameters. We find an X-ray hardness ratio of HR = −0.51+0.26−0.28 between the 0.5–2.0 keV and 2.0–7.0
keV ranges and derive a power-law photon index of Γ = 1.95+0.55−0.53. Assuming a typical value for high-redshift quasars
of Γ = 1.9, ULAS J1342+0928 has a 2–10 keV rest-frame X-ray luminosity of L2−10 = 11.6+4.3−3.5 × 1044 erg s−1. Its
X-ray-to-optical power-law slope is αOX = −1.67+0.16−0.10, consistent with the general trend indicating that the X-ray
emission in the most bolometrically powerful quasars is weaker relative to their optical emission.
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1. INTRODUCTION
Supermassive black holes are thought to be ubiqui-
tous in the centers of massive galaxies, but their for-
mation mechanism is still an outstanding question in
astrophysics. The existence of distant quasars powered
by & 109M black holes within the first Gyr of the uni-
verse sets one of the strongest challenges for supermas-
sive black hole formation theories (e.g., Volonteri 2012).
X-ray observations provide a unique tool to explore the
immediate vicinities of the central black holes in active
galactic nuclei (AGNs; e.g., Fabian 2016). Studying the
evolution of X-ray properties and trends with luminos-
ity across cosmic time teaches us about the physics of
the inner regions of AGNs, potentially providing clues
about the formation of supermassive black holes.
More than 200 quasars are now known within the first
Gyr of the universe (i.e., at z > 5.5; e.g., Ban˜ados et al.
2016; Wang et al. 2016) but only about a dozen of them
have been robustly detected in X-rays (i.e., & 5 pho-
tons), only one of which is at z > 6.5 (Moretti et al.
2014; Page et al. 2014). Pioneering X-ray studies of the
z ∼ 6 quasar population based on 5−15 ks Chandra ob-
servations showed that their average X-ray properties
are similar to those of low-redshift luminous quasars
(Brandt et al. 2002; Shemmer et al. 2006). Recent
deeper (& 50 ks) Chandra and XMM-Newton observa-
tions of a few z > 6 quasars have permitted meaningful
constraints on key parameters of individual sources such
as their photon index (Γ; e.g., Ai et al. 2017; Gallerani
et al. 2017; Nanni et al. 2018), which is a tracer of the
black hole accretion rate (e.g., Brightman et al. 2013).
Here, we report Chandra observations of the recently
discovered redshift-record quasar ULAS J134208.10 +
092838.61 (hereafter J1342+0928) at z = 7.54 (Ban˜ados
et al. 2018). This quasar has a 7.8+3.3−1.9 × 108M ac-
creting black hole and resides in a massive galaxy that
is intensively forming stars (85 − 545M yr−1; Vene-
mans et al. 2017). Based on a 2.6σ detection at 41 GHz,
Venemans et al. (2017) classify this quasar as being po-
tentially radio-loud with R = S5,GHz,rest/S
4400, A˚,rest
=
12.4 (see discussion in their Section 3.2). Deeper radio
observations are already accepted to confirm this pre-
liminary result.
To directly compare with results from the literature
(e.g., Nanni et al. 2017), we use a flat cosmology with
H0 = 70 km s
−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. We
assume a Galactic absorption column density toward
J1342+0928 of NH = 1.61× 1020 cm−2 (Kalberla et al.
2005). Errors are reported at the 1σ (68%) confidence
level unless otherwise stated. Upper limits correspond
to 3σ limits.
10′′
Figure 1. Chandra observation of J1342+0928. This image
covers the energy range of 0.5–7.0 keV, was binned to pixels
of size 0.′′49, and has been smoothed with a Gaussian kernel
of width 1.5 pixels (∼0.′′75). The spectral extraction regions
for the source (blue circle) and background (red annulus) are
shown. We detect an X-ray source at the 6σ level within 1
pixel of the position reported by Ban˜ados et al. (2018).
2. OBSERVATIONS AND DATA REDUCTION
We observed J1342+0928 with Chandra for a total of
45.1 ks on 2017 December 15 (24.7 ks, Obs ID: 20124)
and 2017 December 17 (20.4 ks, Obs ID: 20887). The
detection image is shown in Figure 1. Observations were
conducted with the Advanced CCD Imaging Spectrom-
eter (ACIS; Garmire et al. 2003) using the Very Faint
telemetry format and the Timed Exposure mode. Chan-
dra was pointed so that J1342+0928 fell on the ACIS-
S3 chip. We analyzed these data using CIAO version 4.9
(Fruscione et al. 2006) and CALDB version 4.7.7. Ob-
servations were combined using the MERGE OBS routine
to create images in the broad (0.5–7.0 keV) energy band.
We used the ACIS standard filters for event grades (0,
2, 3, 4, and 6) and good time intervals.
We performed a source detection using WAVDETECT
(Freeman et al. 2002), using scales of 1, 2, 4, 8, and
16 pixels and a point-spread function (PSF) map made
from the weighted means of the two observations. A
source was detected within 0.′′19 of J1342+0928, with
14.0+4.8−3.7 net counts and a detection significance (net
counts divided by background error) of 6σ. Due to the
low number of counts in this source, we use the Gehrels
(1986) approximation for uncertainties. WAVDETECT re-
ported a PSFRATIO of 0.36 for this object, meaning
that we do not find extended structure around this
source and thus no evidence of powerful X-ray jets at
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our sensitivity (see also Fabian et al. 2014). No other
sources were detected within 1.′0 of J1342+0928.
To characterize this source, we used dmextract to ex-
tract the total counts from 0.5–7.0 keV in a 3.′′0 radius
source aperture and a 10.′′0 to 30.′′0 background annu-
lus. We detect 13.7+5.1−4.0 net counts (in agreement with
the WAVDETECT measurement), with an expected back-
ground of 2.3 counts. Following the binomial analysis
technique used by Lansbury et al. (2014), we compute a
probability of the X-ray detection of J1342+0928 being
a false positive: P = 4.3× 10−9 (5.8σ detection). Using
the Bayesian techniques described by Park et al. (2006),
assuming uniform (Jeffreys) priors1 and integrating the
joint posterior distribution with Gaussian quadrature
in 1,000 bins, we compute an X-ray hardness ratio2 of
HR = −0.51+0.26−0.28 across the 0.5–2.0 keV and 2.0–7.0
keV bands.
We extracted spectra in a 3.′′0 radius aperture and a
10.′′0 to 30.′′0 background annulus from both observa-
tions around J1342+0928. Spectra were extracted in
the energy range of 0.5–7.0 keV (4.3–59.8 keV in the
rest frame of the quasar). Due to slight variations be-
tween the two pointings, an accurate response file can-
not be generated from the combined image, so we in-
stead extracted spectra from the two observations and
combined them with the CIAO task COMBINE SPECTRA.
Fitting was performed with PyXspec, using XSPEC ver-
sion 12.9.1 (Arnaud 1996).
We modeled the quasar spectrum with a combined
power-law model (powerlaw) with Galactic absorp-
tion (phabs), using the modified c-statistic (Cash 1979;
Wachter et al. 1979) to find best-fits and uncertainties.
The source redshift was frozen to z = 7.5413 (Vene-
mans et al. 2017) and the Galactic column density to
NH = 1.61×1020 cm−2 (Kalberla et al. 2005). When al-
lowed to vary, we found a best-fit value of Γ = 1.95+0.55−0.53.
In a similar situation, Ai et al. (2016) reported a slope
of Γ = 3.0+0.8−0.7 with a 14-count Chandra spectrum of a
quasar at redshift z = 6.33. However, this value was
then updated by Ai et al. (2017) to Γ = 2.3± 0.1 using
a deeper XMM-Newton spectrum with ∼460 counts.
Due to the low number of source counts in our Chan-
dra observation, we therefore base our fiducial values
on a fit where we froze the power-law photon index to
Γ = 1.9; this is choice is based on the mean power-law
index found for 10 z ∼ 6 quasars studied by Nanni
et al. (2017). The only free parameter was therefore the
1 Assuming flat priors on θ only changed our reported value of
HR by ∼0.25σ.
2 HR = (H−S)/(H+S), where H and S are the net counts in
the hard (2.0–7.0 keV) and soft (0.5–2.0 keV) bands, respectively.
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Figure 2. Top: absolute magnitude at rest-frame wave-
length 1450 A˚ for all z > 5.6 quasars known to date. High-
redshift quasars with X-ray observations (as compiled by
Nanni et al. 2017, 2018) are represented by filled blue cir-
cles for detections and open squares for non-detections. The
quasar studied in this work, J1342+0928, is shown as a red
diamond. Bottom: rest-frame 2 − 10 keV luminosity for
z > 5.6 quasars with X-ray observationsa. Symbols follow
the same legend as the top panel. The uncertainties in the
X-ray luminosity for J1342+0928 correspond to the values
allowed by assuming a photon index Γ = 1.6 and Γ = 2.2,
while the data point is shown assuming our fiducial value of
Γ = 1.9. Upper limits are reported at the 3σ level.
a All X-ray luminosities are taken from Nanni et al. (2017) except
for J1342+0928 (this work) and J1030+0524 at z = 6.31, which
is taken from Nanni et al. (2018) who reported an updated value
of the rest-frame 2− 8 keV luminosity.
normalization of the power law. While Venemans et al.
(2017) report a dust-rich host galaxy, its absorption ef-
fect is minor given the high energies at the redshift of the
quasar we are probing with the Chandra observation.
Even if we assume an absorber at the redshift of the
X-ray source with column density NH = 10
23.5 cm−2,
the change in our measured luminosity compared to the
fiducial value is less than the uncertainties in the original
measurement. As higher levels of obscuration for sources
with comparable X-ray luminosity is only expected in
dust-obscured galaxies (DOGS) and hot DOGS (Vito
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et al. 2018), we cannot place any significant constraints
on this absorption without deeper observations.
Assuming a power-law index of Γ = 1.9, we find
that the absorption-corrected flux of J1342+0928 from
0.5–2.0 keV (observed) is F0.5−2.0 = 1.68+0.52−0.44 ×
10−15 erg s−1 cm−2 and the luminosity at rest-frame
2–10 keV is L2−10 = 11.6+4.3−3.5 × 1044 erg s−1. As the
spectral response of our Chandra observations did not
cover the full 2–10 keV rest-frame energy band, the
measured luminosity is extrapolated using the best-
fit model. To account for the uncertainty in the
value of Γ, we also find the flux and luminosities for
models with Γ = 1.6 and Γ = 2.2. We find for
Γ = 1.6, F0.5−2.0 = 1.44+0.45−0.37 × 10−15 erg s−1 cm−2
and L2−10 = 8.9+3.3−2.7 × 1044 erg s−1, while for
Γ = 2.2, F0.5−2.0 = 1.94+0.60−0.50 × 10−15 erg s−1 cm−2
and L2−10 = 15.3+5.7−4.6 × 1044 erg s−1. When us-
ing the free-to-vary value of Γ (Γ = 1.95), we mea-
sure F0.5−2.0 = 1.71+0.54−0.45 × 10−15 erg s−1 cm−2 and
L2−10 = 13.0+4.0−3.4 × 1044 erg s−1.
3. DISCUSSION
The X-ray detection of J1342+0928 at z = 7.54 is
robust (see Figure 1), but deeper Chandra or XMM-
Newton observations will be crucial in order to de-
rive meaningful X-ray spectral parameters. J1342+0928
represents the most distant non-transient astronomical
source identified in X-rays to date3 and its L2−10 =
11.6+4.3−3.5× 1044 erg s−1 luminosity is consistent with the
luminosities observed in other z > 5.6 quasars (see Fig-
ure 2).
The properties of the most distant quasars are so ex-
treme that it is often challenging to find lower-redshift
quasars with analogous properties (see, e.g., discussion
in Ban˜ados et al. 2018; Davies et al. 2018). Recently,
in a series of papers, Bischetti et al. (2017), Duras
et al. (2017), Martocchia et al. (2017), and Vietri et al.
(2018) reported the physical properties of the z ∼ 2− 4
WISE/SDSS selected hyperluminous (WISSH) quasar
sample. The WISSH quasars have bolometric luminosi-
ties LBol & 1047 erg s−1, & 109M black holes accret-
ing near the Eddington limit, host galaxies with star
formation rates up to ∼2000M yr−1, and show signa-
tures of powerful ionized outflows manifested as broad
[O iii] emission lines and C iv blueshifts greater than
2000 km s−1. These characteristics are similar and in
some cases even more extreme than the properties of
3 We note that gamma-ray bursts have been detected in X-rays
up to z = 8.23+0.07−0.08 (Tanvir et al. 2009). See Salvaterra (2015)
for a summary of the highest-redshift gamma-ray bursts.
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Figure 3. X-ray-to-Optical power law slope (αOX) as a
function of the rest-frame 2500 A˚ monochromatic luminos-
ity. The green small circles represent the AGNs from Lusso
& Risaliti (2016) with X-ray detections with signal-to-noise
ratio greater than five. We also show the quasars from
the Palomar-Green (PG) bright quasar survey (Laor et al.
1994), the hyperluminous SDSS quasars studied by Just
et al. (2007), and the WISE/SDSS selected hyperluminous
(WISSH) quasar sample (Martocchia et al. 2017) as orange
rectangles, maroon plusses, and pink crosses, respectively.
The z > 5.6 quasars (circles) and J1342+0928 (red diamond;
this work) occupy the locus in between the Lusso & Risaliti
(2016) AGNs and the quasar samples of Just et al. (2007)
and Martocchia et al. (2017). In the calculation of αOX for
the z > 5.6 quasars we used the X-ray fluxes reported by
Nanni et al. (2017, 2018) and the rest-frame 2500 A˚ flux den-
sities, extrapolating the 1450 A˚ rest-frame magnitudes (see
Figure 2), assuming a typical ultraviolet-optical power-law
slope of αν = −0.5 (e.g., Ban˜ados et al. 2015). The dotted
and dashed lines are the best-fit relation between αOX and
L
2500 A˚
reported by Martocchia et al. (2017) and Nanni et al.
(2017), respectively. The uncertainty in αOX for J1342+0928
is dominated by the systematic uncertainty in the X-ray lu-
minosity as it was calculated fixing the power-law photon
index to Γ = 1.9 (see text).
the most distant quasars known to date (cf. Leipski
et al. 2014; Mazzucchelli et al. 2017).
Martocchia et al. (2017) reported that the WISSH
quasars show a low X-ray-to-optical flux ratio compared
with other lower-redshift AGNs/quasars with similar X-
ray luminosities (see their Figure 4). A similar trend had
already been reported for some of the most optically hy-
perluminous (Mi < −29) SDSS quasars studied by Just
et al. (2007) at z ∼ 1.5 − 4.5. Other extreme sources
such as the hyperluminous z ∼ 2 hot DOGS studied by
Vito et al. (2018) also show hints of weaker X-ray emis-
sion than expected from their large mid-infrared lumi-
nosities. These studies are suggesting that the X-ray
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flux saturates for more bolometrically powerful quasars,
while the ultraviolet and mid-infrared luminosities still
increase (e.g., Stern 2015; Chen et al. 2017), although
larger samples of the most luminous objects are still re-
quired to robustly confirm this picture. The lamppost
model of the X-ray corona (e.g., Miniutti & Fabian 2004)
provides a plausible physical scenario to explain this ob-
servation. In this model, the X-ray corona is a compact
plasma along the black hole spin axis, potentially asso-
ciated with the base of the jet. The hot corona Comp-
ton upscatters photons from the accretion disk to higher
energies, creating much of the high-energy emission ob-
served from AGNs. In this lamppost model, more lumi-
nous systems might push the corona to greater heights,
thereby lowering its geometrical cross section with the
seed accretion disk photons, and causing the observed
sublinear relation between X-ray emission and both ul-
traviolet and mid-infrared emission.
Interestingly, intrinsically weak X-ray emission has
also been interpreted as a requirement to explain pow-
erful quasar outflows in order to avoid the suppression
of ultraviolet line driven winds (Richards et al. 2011;
Luo et al. 2013, 2015). Mazzucchelli et al. (2017) re-
cently showed that large C iv blueshifts are common in
quasars at z > 6.5 (with a median of ∼2400 km s−1).
J1342+0928 is one of the most extreme examples among
these objects, presenting a C iv emission line blueshifted
by ∼ 6100 km s−1 from the Mg ii line and ∼ 6600 km s−1
from the systemic redshift based on the [C ii] emission
line (Ban˜ados et al. 2018). This gives us the opportu-
nity to test whether these powerful quasars with strong
outflows at very different redshifts have common X-ray
properties.
The X-ray-to-optical flux ratio (L2−10/L
2500A˚
) for
J1342+0928 is 0.04, which is similar to the values re-
ported for the WISSH sample (see Figure 4 in Mar-
tocchia et al. 2017). A more common term used in
the literature is the X-ray-to-optical power-law slope
defined as the index of the power law connecting the
monochromatic luminosities at 2 kev and 2500 A˚: αOX =
0.3838 × log(L2 keV/L
2500 A˚
). In Figure 3 we show αOX
as a function of the rest-frame 2500 A˚ monochromatic
luminosity for all z & 6 quasars compiled by Nanni
et al. (2017, 2018), J1342+0928 (this work), and the
Just et al. and Martocchia et al. quasar samples. With
αOX = −1.67+0.16−0.10 and L2500 A˚ = 10
31.42 erg s−1 Hz−1,
measured directly from its spectrum, J1342+0928 falls
right on the relations found by Martocchia et al. (2017)
and Nanni et al. (2017) (see Figure 3). We note that
the reported αOX assumes that the quasar luminosity
did not vary between the near-infrared and X-ray ob-
servations, which were taken about nine months apart.
Almost all of the most distant quasars occupy a locus in
Figure 3 that bridges the typical AGN (Lusso & Risaliti
2016) and the extreme WISSH quasars and the hyperlu-
minous quasars from Just et al. (2007). The lone excep-
tion is RD J1148+5253 at z = 5.7 (Mahabal et al. 2005),
which is one of the optically faintest quasars known at
z > 5.5. The properties of RD J1148+5253 are more
similar to the quasars from thee Palomar-Green (PG)
bright quasar survey (Laor et al. 1994). The WISSH
and the hyperluminous SDSS quasars therefore seem to
share similar X-ray and optical properties with the most
distant quasars. A detailed comparison between these
two samples could shed light into the understanding of
some of the most extreme sources known in the universe.
Recently, Risaliti & Lusso (2015) and Lusso & Risal-
iti (2017) have proposed that under some assumptions
quasars can be used as standard candles. This is based
on the tight relation between the X-ray and ultraviolet
emission (see Figure 3) coupled with the full-width at
half maximum (FWHM) of the Mg ii line. At face value,
J1342+0928 follows the relation (L2keV ∝ L4/7
2500A˚
v
4/7
fhwm)
reported in Figure 2 of Lusso & Risaliti (2017) within
the uncertainties. Although this will need to be con-
firmed with deeper data and more z > 7 quasars, the
present X-ray detection of an accreting black hole at
z = 7.54 opens up the exciting prospect of testing the
cosmological model when the universe was only 5% of
its current age.
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